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CHAPTER 1. GENERAL INTRODUCTION 
Wind may desiccate plant tissues and may cause direct mechanical injury to plants. 
Shelterbelts. which are barriers of trees, shrubs, and other plants planted to reduce wind 
speed, evaporation, and wind erosion, can be profoundly beneficial to crops grown near them. 
The primary purpose of shelterbelts is to reduce the force of wind in the sheltered zone, a 
zone that extends three to four times the height of the sheiterbeit on the windward side of the 
sheiterbeit and up to 25 times the height of the plants on the leeward side (Van Eimem 1959. 
Van Eimem et al. 1964). 
Growing conditions for annual and perennial crops in areas sheltered by trees may be 
improved by increased soil moisture, daytime temperatures, humidity, and night-time carbon 
dioxide levels as well as lower evaporation (Marshall 1967. Rosenberg et al. 1983). Usually 
plants growing in shelter show more rapid vegetative growth and an increase in size (Shah 
1962 and Rosenberg et al. 1967). But the plants composing a sheiterbeit may compete for 
soil moisture and nutrients with adjacent crops and shade the crop, which may reduce yields 
near shelterbelts (Kort 1988. Read 1964). An illustration of the influence of shelterbelts on 
microclimate and crop growth in their leeward vvas shown in Figure I. 
Shelterbelts are an important agroforestr\' system, but they are not often used in the 
United States (Brandle et al. 1992). Farmers are often reluctant to use shelterbelts because 
there is not adequate economic information that clearly shows the benefits of shelterbelts 
(Brandle et al. 1992). Unfortunately, it is difficult to obtain the information needed to 
quantify the benefits. 
WIND 
OIRICI ION 
(lUWlDiry 
AiTiumnTuEtNiGiin ^ 
iyiirc 1. All illiislialioii dI ihc iiillucncc dI slicllcibells on miciocliaiiilc aiul crop yiowlli in llicii Iccwaul (Kcsciibctg cl al. 1983). 
To efficiently design a tree shelterbeit. one needs to know the structure of tree 
crowns. Tree crown structure models developed by physiologists are based mostly on 
theoretical ecological analyses which suggest that there may be specific morphological 
properties that influence function in particular ecological environments (Ford 1992). 
Resource acquisition and physiological processes are usually included in the models. 
Another way to deal with crown structure is to treat a crown as a whole and use statistical 
functions to describe the leaf area distribution (Stephens 1969, Beadle et ai. 1982). Vose 
(1988) used the Weibull distribution model to fit the distribution of leaf area within crowns in 
loblolly pine (pinus taeda L.) well. 
Objectives of the study 
Most shelterbeit research done until now has focused on data collection and 
obser\ation. Shelterbelts often grow slowly, taking many years to show an improvement 
in yield, and there is also an enormous number of combinations of crops, soil types and 
types of shelterbelts that could be considered. Presently, there is not nearly enough 
fiinding available to establish and evaluate the many combinations. .An alternative 
approach to evaluating the combinations is to develop a computer model that can 
simulate the production of crops grown under the influence of different shelterbelts on 
various soil types. Such a model would require a model of the trees in the shelterbeit, a 
model of microclimate across a field with the shelterbeit. and a model that simulates crop 
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production and is responsive to microclimatic changes created by a shelterbelt. Because 
soybean {Glycine max L.) is a very important crop in Iowa and there is a growth model. 
CROPGRO (Hoogenboom et al. 1994). that is suitable for simulating crop growth in a 
field with a shelterbelt. the primary objective of this study was to develop a ShelterBELT 
- Soybean production model (SBELTS) by linking an existing Litvina and Takle's 
microclimate model (Litvina and Takle 1993) and the CROPGRO model with a tree 
foliage distribution model. The secondary objective was to develop a tree foliage 
distribution model for use with SBELTS. 
Dissertation organization 
The dissertation consists of two individual papers that will be submitted to 
scientific journals. The paper entitled "A surface area distribution model for open grown 
hybrid cottonwood trees" contains an abstract, introduction, methods, results and 
discussion, conclusions and references. The second paper entitled "ShelterBELT-
Soybean production model (SBELTS)" contains an abstract, introduction, the structure of 
SBELTS. evaluation of the model, conclusions and references. To integrate the 
individual papers, a general introduction and an overall summar\' and discussion are 
presented. .Additionally, an overall literature review is included in the next chapter, and 
following the overall summary and discussion is a literature cited section which lists 
references cited in the chapters preceding and following the two papers. 
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The weather data were provided by Dr. S. Elwynn Taylor. Department of 
Agronomy. Iowa State University. Xiaoming Qi is the principal investigator on all the 
research herein, and he is the first author on the papers. Dr. Carl W. Mize served as the 
major professor for Qi in his research and is listed as the second author on the papers. .All 
the expenses for the research and financial assistance for the Ph.D. candidate were 
provided from Dr. Mize's grants from Iowa State Universit>- .Agricultural and Home 
Economics Experiment Station and the Leopold Center for Sustainable Agriculture. 
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CHAPTER 2. LITERATURE REVIEW 
Wind has significantly influenced agricultural practices in many regions of the 
world. In the Zhuo-wu-da region in northern China, for example, most of the fields 
require some degree of erosion protection against the force of wind (Kang et al. 1980). In 
the Great Plains of the United States, planting of trees for shelterbelts has been 
encouraged by law since early settlement times (Read 1964). 
Wind increases desiccation and causes direct mechanical injury- to plants. 
Shelterbelts. which are barriers of trees, shrubs, and other plants planted to reduce wind 
speed, evaporation, and wind erosion, can be profoundly beneficial to the crop grown in 
their lee. These generally accepted benefits have resulted in worldwide use of 
shelterbelts. A good example is the serious wind erosion that followed the drought \ ears 
of the 1930's in North America which led to very extensive planting of shelterbelts. 
especially in the Great Plains. 
There are many published reports that demonstrate yield increases brought about 
by shelterbelts (Leontievsky 1934. Lehane and Nielsen 1961. Stoeckeler 1962. .Armbrust 
et al. 1974. Frank and Willis 1978. Scholten 1988. Grace and Russell 1982. and K.ort 
1988). Although tree shelterbelts often compete with adjacent crops for soil nutrients and 
water and they may shade the nearby crops sufficienth' to reduce crop production, the net 
yield per unit land area usually exceeds that in unsheltered adjacent fields. If the value of 
wood and fiber products from the shelterbelt and other benefits, such as wildlife and 
recreation, are considered as well, the total economic return from the shelterbelt — crop 
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system may exceed the total economic return per unit land area from an unsheltered crop 
field. 
The effects of shelterbelts 
Wind speed and turbulence under shelter 
The primary purpose of shelterbelts is to reduce the force of wind in the sheltered 
zone. Shelterbelts vary in effectiveness, depending on their height, length, and porosit>-. 
The taller the shelterbelt is. the greater will be the distance to its leeward, as well as 
windward, that is influenced. The longer the shelterbelt is. the more constant is its 
influence (Van Eimem 1959. Van Eimem et al. 1964). 
Porosity is the degree of permeability of a shelterbelt which is determined by the 
percentage ratio of the perforated area of the shelter, taken perpendicular to its line, lo the 
total vertical area of the shelter (Van Eimem et al. 1964). There is general agreement 
among researchers about the effect of porosity on the influence of shelterbelts. For a 
given height and length of a shelterbelt. porosity is probably the most important 
characteristic of a shelterbelt. 
.A.ccording to Rosenberg et al. (1983). a dense barrier (low porosity) may protect 
an area about 10-15 H downwind (the length of the sheltered zone is normally described 
in terms of the parameter H. the height of the shelterbelt). By increasing the porosity to 
near 50%. the downwind influence can be increased to 20-25 H. Increasing porosity 
permits more penetration of the wind and prevents the turbulent return of air that has 
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overtopped the barrier to the ground close by. Brandle et al. (1992) estimated that the 
protected area extends to 10 to 12 H on the leeward side and 3 to 5 H on the windward 
side. Heisler (1984) summarized the following theoretical results: "Maximum wind 
reductions are related closely to porosity (^). with low porosit>' producing high 
maximum reductions. The relationship between maximum reductions and the horizontal 
extent of shelterbelt influence is nonlinear, as for barriers with low porosit%'. the barrier 
creates high turbulence that results in recovery of winds to upwind speeds closer to the 
barriers." 
Sturrock (1969) has observed an interesting relationship between porosity and 
distance of protective effect. He measured wind profiles to the lee and windward sides of 
10 types of shelterbelts in New Zealand. The distance for initial recover}- of wind speed 
was closely related to the approaching wind speed. In other words, the lower the wind 
speed, the shorter the distance required for full speed recover)". 
Patterns of wind flow through and around shelterbelts. which are highly related to 
the porosity and structure of the shelterbelt. are % er\' complex and are difficult to detine 
with precision. The influence of such windward characteristics as wind direction and 
wind speed has been discussed by Van Eimem et al. (1964). Seginer (1975). Jacobs 
(1982). Rollin (1983). and Richards et al. (1984). Plate (1971) distinguished as many as 
seven separate flow zones with different aerodynamic behavior upwind and downwind of 
a wedge shaped shelterbelt. 
Wind reduction is a function of distance from the shelterbelt as well as of the 
height above the plants. Brown and Rosenberg {1971) measured wind speed at 1. 0.5. 
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and 0.25 meter above the plants leeward of a 2 meter tall com shelterbelt. Near the 
shelterbelt. wind speed at 1 meter above the shelterbelt was barely affected, but in the 
center of the sheltered area wind speed at a height 0.25 m higher than the shelterbelt was 
reduced by more than 40%. 
The reduction of turbulence by shelterbelts is not uniquely related to the reduction 
of wind speed. Raine and Stevenson (1977) and Hagen et al. {1981). among others, 
discuss effects of shelterbelts on turbulence. They found a triangular "quiet" zone below 
a line beginning near the top of shelterbelts and extending to near ground level at a 
distance of about 8 H to the leeward. In this zone, turbulent velocity fluctuations are 
reduced below values in the approach flow. Above and downwind of the quiet zone is a 
"wake" zone with turbulent fluctuations greater than those in the approach flow. The 
magnitude of turbulent velocity fluctuations in the lee of shelterbelts is inverseK 
proportional to porosit%'. The greater turbulent mi.xing in the wake causes a higher 
potential e\'apotranspiration (Radke and Hagstrom 1974). 
Shelterbelts need not be fully developed or have achieved complete crown closure 
in order to generate a significant shelter effect. Vliller et al. (1975) reported a rapidly 
growing and highly permeable shelterbelt in Nebraska that, after only four years, was 
one-third as effective at slowing the wind as fully grown shelterbelts. 
Microclimatic modification by shelterbelts 
Growing conditions for plants are improved in sheltered areas due to higher soil 
moisture, daytime temperatures, humidity, and night-time carbon dioxide levels as well 
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as lower evaporation and night-time air temperatures (Marshall 1967. Rosenberg et al. 
1983). In clear weather, daytime air temperatures are usually higher in shelter than in 
open fields. This is due to the reduction of turbulent mixing and consequent reduction in 
the removal of sensible heat generated at the plant or soil surface. Unless total calm 
prevails, the air will generally be colder at night in shelter than in open fields. 
Humiditv' and vapor pressure gradients also increase in sheltered areas (Bates 
1911. Aslyng 1958. Woodrruff et al. 1959. Guyot 1963. Skidmore et al. 1969. and Brown 
and Rosenberg 1972). Vapor pressure remains higher in shelter throughout the night, 
because the shelterbelt surface is usually a source of vapor. Despite the higher 
temperature, relative humidit>' is generally greater in shelter during the da\. The 
difference in relative humidity between open and shelter is greater still at night because of 
the lower air temperatures in shelter. 
There are few studies of the influence of shelterbelts on carbon dioxide 
concentration. Gaastra (1959) and Bierhuizen and Slatyer (1964) reported that the 
photosynthetic rate of individual lea\ es depends directly on carbon dioxide concentration. 
Thomas and Hill (1949) and Rosenberg (1981) found similar results in plant 
communities. They reported that if a shelterbelt reduces the carbon dioxide supph due to 
reduced air movement, the rate of photosynthesis in a shelterbelt protected crop could be 
adversely affected. 
In the northem agricultural regions of the United States, a significant amount of 
armual precipitation comes in the form of snow. Where moisture is a yield-limiting 
factor, snow trapment and retention by shelterbelts is thought to be responsible for 
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shelterbelt-induced yield increases (Leontievsky 1934. Lehane and Nielsen 1961. 
Stoeckeler 1962. Frank and Willis 1978, Scholten 1988). Greb and Black (1971) used 
snow fences to demonstrate that porosities of 37% and 58% resulted in deep, narrow 
snowdrifts with sharp peaks, whereas porosities of 79% and 85% resulted in shallow , 
wide snowdrifts. Similar results have been obtained with shelterbelts of different 
porosities (Woodrruff 1954. F.A.0 1969). Some shelterbelts have been pruned or thinned 
to obtain wide shallow snowdrifts (George 1971. Frank 1979. Scholten 1980). .A promise 
of such work is that wide shallow snowdrifts will increase crop yields over a wider zone, 
but none of these studies measured crop yields adjacent to porous or dense shelterbelts so 
such a conclusion is still speculative (Kort 1988). 
Plant responses to shelter 
The evidence is clear that microclimatic differences caused by shelterbelts 
influence crop growth and production. Usually plants in shelter show more rapid 
vegetative growth and an increase in size (Shah 1967. Rosenberg et al. 1967). 
Grace and Russell (1982) summed up the following three reasons on hov\ 
shelterbelts affect crop grov\ih. First, the surface temperature and rate of water use 
depend on the microclimate. In bright sunshine, surface temperatures behind shelterbelts 
are often sufficiently elevated by the reduction in wind speed to cause significant 
increases in growth. Secondly, shelterbelts reduce the incidence of mechanical injuries. 
In unsheltered areas, rupture of epidermal cells, cracking of cuticle, and loss of 
epicuticular waxes may increase surface conductance of water vapor and impair the 
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capacity of the leaves to regulate their water loss. Skidmore (1966 ) and Armbrust et al. 
(1974) also found that mechanical injuries may cause loss of production. .A.nd lastly, 
overall water use by a sheltered crop depends on environmental and crop parameters. 
Some other studies suggest, however, that the major influence of shelter on plant growth 
is due to greater turgidity and lower stomatal resistance in the sheltered plants (Rosenberg 
et al. 1967. Brown and Rosenberg 1970). 
Although crops benefit from shelterbelts. crops grown within 1H to 2H of 
shelterbelts compete with trees in the shelterbelts for water and light (Greb and Black 
1961. George 1971). Crops var\- in their response to competition from shelterbelts. 
George (1971) stated that deep rooted crops suffered less from competition by 
shelterbelts than cereal grains or com and attributed the yield reduction to leaching of 
nutrients by snowmelt. Greb and Black's (1961) work with perennial hay crops, such as 
alfalfa {Meciicago saliva L.). reported that these crops generally showed little reduction in 
yield, because their deep roots did not share the same rooting zones as the nearby trees. 
With regard to com. Bates (1911) reported no apparent yield loss due to competition, 
whereas alfalfa showed a small loss. Wheat ( Thiicum Sp.) and oats (Avcna Sp.). 
however, showed larger losses. 
The effect of shelterbelt on water use efficiency 
Published reports give a wide range of answers to the question of whether soil 
water use is actually affected by a shelterbelt. Brown and Rosenberg (1970) and Miller et 
al. (1975) found that the influence of shelterbelts on plant water use efficiency depends 
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on advection. The water-saving effect was greatest on days when sensible heat advection 
was strong. On days when sensible heat advection was slight, water saving was small. In 
fact, water use in shelterbelts may actually exceed that in the open when there is little 
heat advection. McNaughton {1986) suggested that shelterbelts influence vapor pressure 
gradient by preventing the advection of dr\' air onto a sheltered area. 
Distance from a shelterbelt is also a factor in determining actual evaporation and 
evapotranspiration. Skidmore et al. (1969) measured the influence of wind on 
evaporation downwind of a constructed shelterbelt and described the dependency of the 
potential evapotranspiration on wind speed as calculated with several formulas. An early 
study of Marshall (1967) showed that evaporation suppression occurs to a distance of 
about 16 H downwind. Bouchet and Robelin (1969) made field measurements of 
evaporation at distances ranging from 15 H upwind to 30 H downwind of a 50% porous 
shelterbelt. They showed that the reduction in potential e\ apoiranspiration was altered as 
a function of wind velocity and distance from a shelterbelt. 
Scholten (1988) suggested that shelterbelts can be designed to increase water use 
efficiency by the crop and that water conservation from snowfall is increased by 
increasing the amount of moisture trapped and stored in the soil. Shelterbelts also ma>' 
increase the amount of rainfall entering the soil by restricting runoff or increasing the soil 
infiltration rate or both. Shelterbelts may further increase the water use efficiency of the 
stored soil moisture by reducing the loss from the soil by evaporation or by reducing the 
rate of transpiration of the crop. 
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Competition between shelterbelts and crops 
Shelterbelts composed of living barriers may compete for soil moisture and 
nutrients with adjacent crops and shade the crop. Yields near shelterbelts also may be 
reduced due to increasing temperatures (Poulsen 1985. Read 1964), nutrient leaching due 
to snowmelt (George 1971), or allelopathy by tree roots (Zolotukhin 1980 as cited by 
Kort 1988). The magnitude of such yield decreases varies with shelterbelt species and 
crop species. Kort (1988) found that yield reductions of oat fresh weight due to 
shelterbelts extended to an average of 1.6 H at Indian Head. Saskatchewan. Poulsen 
(1985) reported an almost total failure on both sides of shelterbelts of Kassod tree (Cassia 
siamea Lam.) in Cameroon to a distance of 30 m. Lyles et al. (1984) found that yields of 
winter wheat (Triiiciim aestiviim L.) were reduced to a distance of 2 H from single-row 
shelterbelts in Kansas. Stoeckeler (1962) estimated that yield reductions occurred from 
0.5 H to 1.5 H. while Read (1964) estimated 1 H. Panfilov (1932 as cited by Kort 1988) 
reported reduced yields of sunflowers (Hclianihus sp.) to between 17 and 35 m (he did 
not relate the distance to shelterbelt height). 
Shelterbelt competitiveness depends strongh" on the species which make up the 
shelterbelt. Lyles et al. (1984) reported that tamarisk (Tumarixpcniandra Pall.) and 
Siberian elm (L'lmacere pumtla L.) shelterbelts used more water than Russian oli\e 
(Elaeagnus angusli/olia L.) and caragana (Caragana arhorcscens Lam.) and that Siberian 
elm reduced winter wheat yields more than the other species. Frzink (1982) showed that 
green ash (Fraxinus pennsylvanica var. lanceolaia (Borkh.) Marsh.) was less competitive 
with adjacent crops than Siberian elm because it was physiologically active for a shorter 
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time. In Colorado. Greb and Black (1961) found with three types of shelterbelts that 
winter wheat and sorghum {Sorghum hicolor (L.) Moench) yield were reduced to a 2.2 H 
(21 m) distance from ponderosa pine (Pinus ponderosa Dougl.). 3.3 H (9 m) from shrubs, 
and 3.1 H (27 m ) from mi.xed broadleaf trees. Soil moisture relative to the three 
shelterbelt types followed a pattern similar to root distribution, while soil nitrogen was 
not as well correlated and phosphorus was higher near the shelterbelts than at 33 m away. 
Shelterbelt competition can be decreased by root-pruning. The effectiveness of 
root-pnming depends on the rooting characteristics of the trees and/or shrubs within the 
shelterbelt (Yeager 1935. Greb and Black 1961. Lindquist 1971. Sprackling and Read 
1979. Naughton and Capel 1982. Lyles et al. 1984). 
Greb and Black (1961) suggested that competition by shelterbelts with adjacent 
crops was more acute in the western Great Plains than in the east and was greater in the 
south than in the north, the differences being related to moisture availability. Kort (1988) 
compared data from Stoeckeler (1962) in the Dakotas. Lyles et al. (1984) in Kansas, and 
his own unpublished data (Kort 1985) in Saskatchewan with the same spatial inter\ al. 
The later two studies, which are in the same region. ga\e results similar to the > ield 
patterns. 
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Tree foliage distribution models for shelterbelt design 
Physiological models 
The structure of tree cro\Mis is an important subject in tree physiology, 
horticulture, and shelterbelt design. There are many studies on crown structure in the tree 
physiology field (Ford and Ford 1990. Ford et al. 1990. Rauscher et al. 1990. Ceulemans 
et al. 1990. Poykko and Pulkkinen 1990. Chiba 1990. Wang and Jar\ is 1990. Hashimoto 
1991. Ford 1992. Sorrensen-Cothem 1993. Webb and Ungs 1993. and O'Connell and 
Kelty 1994). These publications focus on the relationship between physiology and 
morphology. 
Tree structure models developed by physiologists are based more on theoretical 
ecological analyses which suggest that there may be specific morphological properties 
that influence function in particular ecological environments. Therefore, these models are 
generally more process oriented. It is like Ford wrote " a major challenge is to define this 
morphological and physiological plasticity, both how it occurs and the part it plays in the 
relationship between structure and function" (Ford and Ford 1990). 
Resource acquisition and physiological processes are usually included in the 
models. Resource acquisition is determined by morphological structure, while quantity 
of growth is determined by physiological process. Specifically, distribution of radiation 
is determined by foliage structure, photosynthate by total foliage amount and radiation 
distribution, respiration by both foliage and branch amount and trunk and roots storage. 
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and trunk storage at last by total photosynthesis and total respiration. The scales used in 
the models are usually foliage, branch, or whorl. 
The crown structure of poplars is the subject of the "ECOPHS" model developed 
by Rauscher et al. (1990). The theoretical basis for the ECOPHS model is that 1) 
individual leaves drive and control growth; 2) the microenvironment at the leaf exerts 
primary control of photosynthetic rates; 3) leaf orientation is a major determinant of that 
microenvironment; 4) photosynthates produced by leaves are allocated among 
meristematic and respirator>- sinks; and 5) the plant's genome and microenvironment 
regulate photosynthetic allocation. The major driving variables are solar radiation, 
temperature, and clonal morphological and physiological factors. 
Branch characteristics were studied in five poplar clones (Populus deltoides. P. 
irichocarpa . P. irichocarpa X. and P. deltoides hybrids) in another paper (Ceulemans et 
al. 1990). Number, length, diameter, biomass jmd the angles of origin and termination of 
branch characteristics were measured. Their results suggested that genotype has a major 
influence on crown architecture in poplar. 
To adapt these models for use in a shelterbeli model may be too time and mone> 
consuming considering the scope of shelterbelt design. Shelterbelt design only needs to 
know vertical foliage distribution in order to estimate shelterbelt porosity. The scale in 
the physiological models may also be loo small for designing shelterbelts. 
Horticulturists are also interested in crown structure because structure has a high 
correlation with fruit yield. The\' want to know what level of pruning is good for 
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production (Bassi et al. 1994). Monestiez et ai. (1990) used a geostastistic method to 
describe fruit and leaf spatial variation in a tree. 
Statistical distribution model to fit tree crown vertical distribution 
.•\nother way to deal with foliage distribution is to treat a crown as a whole and 
use statistical functions to describe the leaf area distribution. \^'hitehead (1978) and 
Beadle et al. (1982) found the vertical distribution of leaf area for individual trees in 
mature forest was polyinodal. Stephens (1969) and Beadle et al. (1982) suggested that 
for the canopy as a whole the distribution was adequately described by the curve for a 
normal distribution with inclusion of a term for positive skewness. Schreuder and Swank 
(1974) used the Weibull distribution to model foliage biomass distribution in loblolly 
pine (Pinus laeda L.) and stand leaf area index distribution in white pine (Pinus strohus 
L.). Vose (1988) used the Weibull distribution model to fit the distribution of leaf area 
within crowns in loblolly pine as well. 
There are many studies that deal w ith the vertical distribution of canopy in stands 
of trees. Stephens (1969) described the vertical distribution of foliage through the canopy 
in terms of weight for species with an excurrent growth habit like Pinus resinosa .Ail. 
.Aber (1979) measured 13 northern hardwood stands ranging from 3 to 57 years. He 
found that total canopy height varied predictably with age and was the major determinant 
of foliage-height diversity calculated using data in 1 -m intervals by height. 
There are a number of studies in which the vertical distribution of leal'area was 
determined from measurements of foliage dr>' weight and the specific leaf area (fresh leaf 
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area of sample / dn* weight of sample). Examples of these are the works ot K.inerson et 
al. (1974) for Pinus taeda L. and Whitehead (1978) for PiniLS sylvestris L. There is also 
some evidence that if the vertical distribution of dr>' weight is approximated by a normal 
cur\'e. the vertical distribution of leaf area may be skewed (Gar>- 1976). 
Scientists have used two methods to determine foliage-height profiles by direct 
measurement: one is stratified clipping (Shinozaki et al. 1964. Fujimori 1971) and 
another is point-quadrat sampling (Wilson 1958, 1965). .As shelterbelts are relatively 
open growing trees, the above methods are not fully suitable. 
There is considerable evidence to show that crown structure is strongh influenced 
by genetics. St. Clair (1993) found that considerable genetic variation was found for 
reiati\ e crown width, stem increment per crown projection area, leaf area and branch 
weight relative to crown size, cross sectional area of branches per crown length, etc. for 
Douglas-fir (Pseudoisiiga menziesii (Mirb.) Franco). 
Zeide and Gresham (1991) introduced fractal dimensions to estimate tree crown 
structures. They found that fractal dimensions of tree crowns are highly correlated with 
site quality and thirming intensity. 
Index of shelterbelt structure 
The most imponant structural feature of shelterbelts is porosit) (Heisler 1984). In 
addition to porosity, drag and resistance coefficients are also often used measurements 
(Seginer and Sagi 1972. Hagen and Skidmore 1971. .Miller et al. 1975. Peretyagin 1980). 
but these indices are not easily measured. 
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Another measure of shelterbelt internal structure to be determined is plant 
elements' surface area per unit volume (S) (Litvina and Takle 1993). This factor is 
obtained by computing the sum of the surface area of the stems, branches, and leaves of a 
statistically determined typical plant in the shelterbelt test volume and multiplying this 
surface area by the total number of plants in the volume. 
The relationship of shelterbelt structure to field microclimate 
It is widely believed that a shelterbelt should be porous to prevent the creation of 
an intensely turbulent wake (George and VVorthington 1963. Skidmore and Hagen 1970. 
Gandemer 1979. Wilson 1987). Several authors have recommended optimal values of 
porosity (^''). e.g. Jensen. (1954) = 35 - 40%: Balta.xe. (1967). = 50%. 
Wilson (1987) did an experiment to measure wind speed and turbulence behind 
two sections of 50% porous fence differing only in the vertical distribution of their 
porosity. One section of the fence was uniformly porous, the other relativeK dense near 
the ground and open aloft. Slightly greater mean speed reduction was observ ed near the 
ground in the near lee of the section w hich was dense at ground-level without an\ 
detrimental increase in turbulence. This advantage. howe\ er. was offset by less effective 
protection on the far lee side. Gandemer (1979) presented measurements of the protected 
area behind two variable-porosity fences sharing the same average porosity of 40%. In 
one case, porosity varied from 60% at ground-level to 20% at the top (open at ground. O): 
in the other case, the porosity varied in the reverse manner (dense at the ground. D). The 
highly protected area behind the D fence exceeded that behind the O fence, and behind 
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the uniformly 54% and 20% porous fences. However, considering the large, but less 
protected area, the D fence provided a smaller protected area than the O fence or either of 
the uniformly-porous fences. George and Worthington (1963) compared measurements 
of protected area behind four different densitv- trees. They measured densit>- by placing a 
dotted grid over an 8 by 10 inch picture enlargement of the structure. Dots that fell on 
tree trunks and limbs were counted and the percentage of space occupied was computed 
to give density. -A. density of 58% for a Siberian pea-tree iCaragana arhorescens Lam.) 
shelterbelt and a density of 54% tor a green ash (Fraxinus pennsylvanica var. lanceolata 
(Borkh.) Marsh.). Siberian pea-tree and bo.xelder {Acer negimdo L.) shelterbelt gave the 
greatest wind reduction within the first 10 H. Wind reduction at 20 H vvas greater behind 
the two more open ones ~ 43% densit\ of green ash and 10-37% cottonwood (Populus 
Sp.) shelterbelts. These results are consistent with measurements on artificial fences. 
Evaporation in sheltered areas is also influenced by the shelterbelt structure. 
Skidmore and Hagen (1970) reponed that with a less porous shelterbelt, minimum 
evaporation leeward occurred closer to the shelterbelt and. after reaching a minimum, 
tended to increase more quickh" than with more porous shelterbelts. Minimum 
evaporation leeward of shelterbelts 60%. 40%. and 0% porous occurred at 4.5 H. 3.5 H. 
and immediately adjacent to the shelterbelt. respectiveh. 
In summarv-. many studies ha\e shown that shelterbelts benefit crops growing in 
their lee. Improved yield were attributed to reduced wind damage, improved 
microclimate and higher levels of available soil moisture. Shelterbelts were also found to 
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decrease yields by occupying farmlauid. competing with nearby crops for water and 
nutrition and by shading crops. 
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Abstract 
Crown architecture is of interest to people working in sheiterbelt design, honiculture, 
and tree piiysiology. Crown structure may help farmers design a better sheiterbelt. 
horticulturists to prune to get better crown structure, and physiologists understand the 
relationship between morphology and physiology. This study evaluated the Weibull 
distribution function as a way to estimate vertical surface area curve for a hybrid cottonwood 
clone (Populus euramericana. NC-5326). Seventeen open grown hybrid cottonwood trees of 
various sizes were harvested, and total surface area within each one-meter segment was 
measured. Surface area distribution of each tree fit the two parameter Weibull distribution 
quite well. The shape parameter of the distribution for each of the 17 sample trees was 
similar with a mean of 2.07 and a standard deviation of 0.17. The scale parameter of the 
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distribution varied considerably from tree to tree, but a strong linear relationship between the 
natural logarithm of the scale parameter and the natural logarithm of tree height was found 
(R- = 0.83). Knowing the height of a tree, one can estimate the total surface area and the 
scale parameter which can be combined with a shape parameter value of 2.07 to obtain the 
surface area distribution for the tree. This paper demonstrated the use of the Weibull 
distribution curve to fit the crown surface area distribution of individual trees of a hybrid 
Cottonwood clone. This information can be used to evaluate the influence of shelterbelts and 
help to design shelterbelts containing the clone. One can also use the methodology to 
develop Weibull distribution curves for other species and clones. 
ADDITIONAL KEY WORDS. Populus euramericana. Weibull distribution, crown 
architecture, surface area distribution. 
Introduction 
Crown architecture is of interest to people working in shelterbelt design, horticulture, 
and tree physiology. Crown structure may help farmers to design a better shelterbelt. Crown 
structure may also help horticulturists to prune to get a better crown structure, and thus better 
yields. Physiologists can use information about crown structure to help understand the 
relationship between morphology and physiology. Leaf area distribution or total surface area 
(i.e. leaf plus stem plus branch surface area) distribution are important aspects of crown 
architecture. The distributions are one way to describe crown structure. 
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There is considerable evidence that crown shape, crown width, branch angle, and leaf 
area of open grown trees are under strong genetic control (Kuuluvainen and Kanninen 1992. 
St. Clair 1993). If crown shape and leaf area are under strong genetic control, then leaf area 
distribution should also be under some genetic control. Research conducted by Stephens 
(1969). Beadle et al. (1982). and Vose (1988) demonstrated that leaf area distribution can be 
described adequately by a Weibull distribution curve or a Normal distribution curve when a 
term for positive skewness is included. If the leaf area distribution can be estimated by some 
mathematical ftmctions. then the parameters of these functions could be species or clone 
specific. 
We are using a hybrid cottonwood clone (Populus euramericana. NC-5326) in our 
shelterbelt research in central Iowa. Knowing the surface area distribution of trees of the 
clone would be useful for evaluating the influence of shelterbelts containing this clone, 
designing shelterbelts. and evaluating other clones and species. 
The objectives of this study were to determine w hether the Weibull distribution 
function can be used to estimate the surface area distribution curve of the hybrid cottonwood 
clone, and to develop a system of equations to predict the surface area of indi\ idual h\ brid 
cottonwood trees. 
Methods 
The data used in this study came from 17 open grown hybrid cottonwood trees with 
different heights and ages in central Iowa (Table 1). Each tree was cut into 1 -meter layers 
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starting at the top, and leaves, branches, and stems within each layer were separated. In each 
layer the total green leaf mass was determined. The mass of 20 randomly selected leaves was 
determined and the area of the sample leaves was determined by using a leaf area meter (Li-
3000. Li-Cor. Inc.. Lincoln. NE). The total leaf area for each layer was determined by 
multiplying the total leaf mass of the layer by the ratio of sample area per unit mass. The 
length and diameter in the middle of each branch and stem section were measured. 
Assuming stems and branches were cylindrical, the surface areas of stem and branches were 
estimated by using the following equation: 
Surface area = circumference * length. [ 1 ] 
The total surface area for each layer was the sum of the leaf. stem, and branch surface areas. 
.A.nalysis and results 
First, we calculated the proportion of surtace area per meter. p(D). The area was 
normalized so p(D) was the proportion of total surtace area per meter. To characterize the 
vertical surface area distribution in the crown of trees, the two-parameter Weibull distribution 
function (Schreuder and Swank 1974) was tit by using the normalized surface area as the 
dependent variable and depth within a crown (D) as the independent variable for each 
individual tree (Table 1). The two-parameter Weibull distribution is obtained by setting the 
position parameter used in the three-parameter Weibull distribution to zero which 
corresponds to the top of the tree. The Weibull function is of the form: 
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[2] 
where PfD) is the proportion of surface area at depth D. 
D is depth within a crown (m) measured from the top. 
a is the shape parameter of the Weibull distribution, and 
/^ is the scale parameter of the Weibull distribution (m). 
TSA is total crown surface area for a tree (m-|. 
An estimated surface area for segment from D] to D2. assuming Dt bigger than D], will be: 
where TSA is the total crown surface area for a tree. 
Nonlinear parameter estimation was performed using PROC NLIN in SAS (Statistical 
Analyses System 1988) for the 17 sample trees (Table 1). An example of the fitted function 
for tree 8 is shown in Figure 1. 
The shape parameter, a. varied slightly from tree to tree (Table 1) with a mean of 2.07 
and a standard deviation of 0.17. The parameter showed no apparent relationship with the 
height or age of the sample trees so we decided to treat it as a constant for all trees. 
The scale parameter. /?. varied considerably from tree to tree (Table 1). .A graph of 
the natural logarithm of versus the natural logarithm of tree height (Figure 2) revealed a 
strong, linear relationship, while a graph of P versus diameter at breast height (not shown) 
[3] 
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showed no apparent relationship. The relationship between the natiMl logarithm of /? and the 
natural logarithm of height can be described by the following linear function: 
Ln{/3) = 0.13 ^ 0.53 Ln(height) [4] 
(0.06) 
R2 = 0.83 
Where P is the scale parameter and height is measured in meters. Note the number in the 
parenthesis is the standard error for the coefficient above it. 
There are no biological meaningful equations to predict by p- A number of models 
could fit. We choose the log-log equation because the fit was good and gave biologically 
consistent results. 
The Weibull model can be used to predict the relative surface area distribution for 
each tree, but an estimate of the total surt'ace area (TSA) is needed to convert the relative 
surface area distribution to the total surface area distribution. There was a strong linear 
relationship between the total surface area and total height of the 17 sample trees (Figure 3 ). 
The equation to predict TSA is as follows; 
TSA = -8.18-4.13 height [5] 
(0.505) 
= 0.82 
where TSA is total surface area measured in square meters and height is measured in meters. 
For the same reason that equation 4 was developed, a log-log equation was chosen to 
describe the relationship between crown length and height. A strong linear relationship 
between the natural logarithm of the crown length and the natural logarithm of total height 
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for the 17 sample trees was exhibited in Figure 4. The equation to predict natural logarithm 
of crown length is as follow; 
Ln( crown length) = 0.26 +0.75 Ln(height) [6] 
(0.07) 
R- = 0.88 
Discussion 
Because nonlinear regression was used to estimated a and for the 17 harv ested 
hybrid cottonwood trees. R- could not be calculated so it was not available for evaluating 
goodness of fit. The data do appear to fit the Weibull distribution well, because the 95% 
confidence intervals for the estimated or and ^of the 17 trees are small (Table 1). The 
Weibull curve fits surface area distribution data well for these trees (see an example in Figure 
1). 
The shape parameter varied slightly among the trees vvhich supports research b\ 
Kuuluvainen and Kanninen (1992) and St. Clair (1993) that found crown shape of open 
grown trees to be under strong genetic control. The average shape parameter was 2.07 for the 
trees which means the shape is positively skewed because the Weibull distribution is 
positively skewed when the shape parameter is less than 3.6. Stephens (1969) and Beadle et 
al. (1982) found the Normal distribution, which is a good approximation to a Weibull 
distribution with a shape parameter equal to 3.6. described leaf area distribution in pine 
canopies. Schreuder and Swank (1974) and Vose (1988) used the Weibull distribution to 
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model foliage biomass distribution in loblolly pine {Pinus laeda L.) and concluded that the 
shape parameter was positively skewed. In this study, the total surface area, instead of 
foliage biomass. was used because it is important information for shelterbelt design. 
Given the height of a hybrid cottonwood tree, one can use the equations we developed 
to estimate the hybrid cottonwood tree surface area distribution. The absolute \ alue of 
surface area within each one-meter layer can be calculated by multiplying the total surface 
area for an individual tree by the proportion of the total surface area within the layer which is 
calculated by using the Weibull function. 
Conclusions 
This study shows promise for using the Weibull distribution to model crown surface 
area distribution. With the knowledge of the clone specified shape parameter and the tree-
size-related scale parameter, one could estimate crown shape for hybrid cottonwood trees of 
various sizes. This information can be used in shelterbelt design, horticulture, and tree 
physiology studies. Using the same procedure, one can develop Weibull models for other 
species as well. 
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Table 1. Traits and estimated Weibull distribution parameters of 17 open grown hybrid cottonwood trees harvested in 
central Iowa. 
Diameter at 
20 cm Surface Crown 
Height DBll' height area length 
Tree (m) (cm) (cm) (m2) (m) ii a 0 
1 1.52 0.5 1.8 0.38 1.46 1.95 1.21-2.69) 1.22 (0.93-1.51) 
2 2.13 1.3 2.8 0.88 2.13 2.04 1.26-2.82) 1.78 (1.30-2.26) 
3 2.50 1,5 3,8 1,34 2.44 2,06 1.26-2.85) 2.41 (1.83-2.98) 
4 4.27 3.6 7,1 5.89 4.21 2.37 1.45-3.29) 1.90(1.44-2.35) 
5 4.24 4.1 5.8 6.83 4.24 2.31 2.18-2.44) 2.12(2.05-2.19) 
6 5.76 5.1 8,1 8.06 5.12 1.98 1.18-2.79) 2.73 (1.95-3.50) 
7 5.91 5.3 10.2 18.16 5.73 2.03 1.10-2.85) 3.20(2.21-4.20) 
8 6.25 6.1 9,4 19.33 6.01 1,95 1.57-2.32) 3,21 (2.78-3.64) 
9 7.74 9.1 12,4 30.66 7.10 2,02 1.54-2.51) 4.12(3.47-4.76) 
10 7.77 8.9 12,2 30,04 7,04 1.96 1.22-2.70) 3.53 (2.58-4.48) 
11 7.89 8.6 12,2 26.84 7.80 2.22 1.53-2.91) 3.86 (3.15-4.57) 
12 8.38 8.9 11.9 19.64 5.70 1.83 1.13-2.52) 2.90(2.20-3.59) 
13 8.81 10.2 13,2 36.54 7.44 2.17 1.35-2.99) 3.88 (2.95-4.81) 
14 9.21 6.9 9,4 18.88 5.55 1.80 1.12-2,48) 3.24 (2.46-4.01) 
15 9.99 9.9 13,7 29.88 6.01 2.17 1.35-2.99) 3,33 (2.53-4.12) 
16 11.49 14,2 18,8 53.38 8.04 2.34 1.85-2.84) 4.07 (3.59-4.55) 
17 13.99 13.7 18.0 41.84 6.89 1.98 1.23-2.73) 4.48 (3.40-5.55) 
" Diameter at breast height. 
Shape parameter of Weibull distribution and its 95% confidence interval. 
Scale parameter of Weibull distribution and its 95"/(i confidence interval. 
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Figure 2. Relationship between the natural logarithm of height (m) and the natural logarithm 
of scale parameter of Weibull distribution (m) for 17 open grown hybrid 
cononwood trees harvested in central Iowa. The equation was Ln(^ = 0.13 - 0.53 
Ln(height) (R" = 0.S3). 
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Fiaure 3. Relationship between height and surface area for 1" open grown hybrid cottonwood 
trees harvested in central Iowa. The equation was surface area = -8.18 - 4.13 
height (R' = 0.82). 
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Ln (height) 
Figure 4. Relationship between the natural logarithm of height (m) and the natural 
logarithm of crown length (m) for 17 open grown hybrid cottonwood 
trees harvested in central Iowa. The equation was 
Ln(crown length) = 0.26 - 0.75 Ln(height) (R" = 0.88). 
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Abstract 
Wind reduces production of agricultural crops in man\' regions of the world. 
Shelterbelts have been used in man\ of these regions as an effective management tool to 
reduce the negative impacts of wind. Fanners in the North Central region of the United 
States, however, are often reluctant to use shelterbelts because there is not adequate economic 
information that clearly shows the net benefits of shelterbelts. It is difficult to obtain the field 
information needed to show the benefits. Given the limitation, we have developed a 
computer model, called SBELTS (ShelterBELT and Soybeans), that simulates the influence 
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of a shelterbelt on soybean (Glycine max L.) production across an agricultural field in the 
midwestem United States. The first submodel of SBELTS estimates five characteristics of a 
shelterbelt: height, width, critical point, and specific surface area above and below the critical 
point. These values are passed to another submodel that estimates the daily windrun at the 
distances leeward (protected side) of the shelterbelt specified by the user. The estimated 
daily windruns are merged with other microclimatic information such as solar radiation, 
minimum and maximum temperature, and rainfall to produce weather files for each of these 
distances. Finally, the third submodel uses the CROPGRO soybean model to estimate 
soybean yield at these distances. 
No data were available to evaluate SBELTS so the model was evaluated by 
comparing predicted results with published information. SBELTS was used to predict 
soybean yield across a field with a 7.6 m tall shelterbelt. The predicted yield cur\ e compared 
well with published yield curv es. SBELTS was also used to predict yields for a \ oung and 
older shelterbelt in wet. average, and dr>' years. The results showed no shelterbelt influence 
in wet years, some intluence in average years, and a sizeable influence in dry years. The 
results also showed the older shelterbelt to ha%'e more influence than the young shelterbelt. 
ADDITIONAL KEY WORDS: shelterbelt. computer simulation, crop model, 
micrometeorology. soybean, tree surface area distribution. 
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Introduction 
Wind speed increases transpiration rate and causes drought stress of agricultural crops 
in many regions of the world. Shelterbeits composed of one or more rows of trees, shrubs, or 
other plants have been used in many regions of the world as an effective management tool to 
reduce the negative impacts of wind. The primary function of a shelterbelt is to reduce wind 
speed (Van Eimem 1959. Van Eimem etai. 1964. Rosenberg et ai. 1983). which improves 
the microclimate for crop growth (Brown and Rosenberg 1972. Marshall 1967. and 
Rosenberg et al. 1983). Many studies have shown that crop yields increase within the 
protected region (leeward) of a shelterbelt (Kort 1988. Scholten 1988. and Grace and Russell 
1982). 
Whereas shelterbeits are an important agroforestr\' system, vvorldwide they are 
infrequently used in the United States. Brandle et al. (1992) indicated that of the more than 
200 million crop acres in the North Central region of the United States only about 7 million 
acres were protected by shelterbeits. .A.lso. over 30 million acres within the same region are 
subject to wind erosion which could be reduced by shelterbelt protection. 
Farmers are often reluctant to use shelterbeits because there is not adequate economic 
information that clearly shows the benefits of shelterbeits. it is difficult, however, to obtain 
the information needed to show the benefits. Shelterbeits often grow slowly, taking many 
years to influence crops and thus yields. .•Mso. there are an enormous number of 
combinations of crops, soil types and types of shelterbeits to evaluate. 
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It is neither practical nor economical to establish and evaluate the many possible 
combinations of shelterbelt type and cropping system. An alternative and less expensive way 
to evaluate the combinations would be to use a computer model of a shelterbelt and cropping 
system to make the evaluations. Although models have been developed to simulate 
shelterbelt influence on microclimate (Litvina and Takle 1993). no model has been developed 
that simulates crop growth across an agricultural field under the influence of a shelterbelt. 
Research has shown that the yield of many crops on the leeward side of a shelterbelt 
is reduced near the shelterbelt: rises substantially as one moves away from the shelterbelt. 
reaching maximum production at 3 - 5H (H is the height of the shelterbelt); and then 
gradually decreases to a level that is the same as an open field at a distance of 15 - 25H. This 
variation in yield is a result of a number of factors, the primary- one being variation in 
microclimate across a sheltered field. The major microclimatic characteristics influenced by 
a shelterbelt are wind speed, temperature, and relative humidity (Brown and Rosenberg 1972. 
Marshall 1967. Rosenberg et al. 1983). 
Therefore, one way lo predict the yield of soybeans across a sheltered field would be 
to simulate the microclimate across a sheltered field, use the simulated microclimate to 
predict the production of soybeans at sites across the field, and calculate an average yield for 
the field given the shelterbelt. 
Simulating the microclimate in the vicinity of a shelterbelt is a ver\' challenging 
problem. When SBELTS was developed, there was no model that simulated the influence of 
a shelterbelt on wind speed, temperature, and relative humidity. The micrometeorological 
model developed by Litvina and Takle (1993) estimated the wind speed, but not the 
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temperature or relative humidit\-. on the leeward side of a shelterbelt at various distances 
from the shelterbelt and heights above the ground. 
To simulate soybean growth under sheltered conditions would require a soybean 
growth model that is sensitive to the varying microclimate (temperature, relative humidit\. 
and wind speed) that exists across a sheltered field. Version 3.1 of the CROPGRO soybean 
model (Hoogenboom et al. 1994) uses maximum and minimum temperatures and windrun. 
all of which are influenced by a shelterbelt. along with many other microclimatic 
measurements to predict soybean yield. It does not consider relative humidity directly. The 
model has been used to simulate the influence of global climate change and crop 
management on soybean production and is being widely used in Iowa (Sexton et al 1998. 
Shen et al. 1998. Batchelor et al. 1997). 
.Although soybean yield is influenced by wind speed, temperature, and relative 
humidity, a shelterbelt influences wind speed much more than temperature or relati\ e 
humidity (Van Eimem 1959. Van Eimem et al. 1964. Rosenberg et al. 1983). Therefore, a 
model that incorporates the influence of wind speed, but not temperature and relative 
humidity, could be a reasonable first step in simulating soybean production under shelter. 
We have developed a computer model, called SBELTS { ShelterBELT and 
Soybeans), that simulates the influence of a shelterbelt on soybean (Glycine max L.) 
production across an agricultural field in the midwestem United Slates. ObjectiN es of this 
article are to 1) describe the structure of SBELTS, 2) discuss limitations of the model, and 3) 
present an evaluation of model simulations. 
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The structure of SBELTS 
The basic structure of SBELTS is shown in Figure 1. A tree model predicts 
characteristics of the shelterbelt being considered. The predicted shelterbelt characteristics 
are passed to the micrometeorological model which then predicts daily windrun at the 
distances leeward of the shelterbelt specified by the user. The soybean growth model uses 
the estimated daily windrun and other information to predict growth and yield of soybeans at 
user specified distances. Then the estimated soybean yields at different distances from the 
shelterbelt are used to estimate the average yield for the entire field. 
Tree model 
The tree model estimates five characteristics of a shelterbelt; height (mi which is 
detlned as the average height of the trees: vvidth of the shelterbelt (m); the critical point (m. 
described in the section of the micrometeorological model); and the specific surface area, 
called S. which is the surface area of leaves, branches, and stems per unit volume (m-m"-') 
above and below the critical point. 
The shelterbelt that we had access to when SBELTS was started was composed of 
four rows of a hybrid cottonwood clone (Popidus \ ciirumericana N'C-5326) trees. The 
growth and yield of com and soybeans grown in plots adjacent to the shelterbelt are 
measured annually to evaluate the influence of the shelterbelt. Thus, the tree model predicts 
the five characteristics for a shelterbelt composed of four rows of the hybrid cottonwood 
described above. 
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Height can be easily measured for a specific shelterbelt. Width equals the number of 
rows (4) in the shelterbeh times distance between the rows (3.1 m). The critical point is 
estimated by average trunk length. An equation that predicts crown length as a function of 
tree height was developed by Qi et al. (1998). The average trunk length equals tree height 
minus crown length. The total volume used by the shelterbelt above or below the critical 
point is calculated using the following equations; 
For above the critical point: 
Total volume = shelterbelt length * shelterbelt width * average shelterbelt crown length [ 1 ] 
For below the critical point: 
Total volume = shelterbelt length * shelterbelt width * average shelterbelt trunk length [2] 
The tree model estimates total surtace area above the critical point for the shelterbelt that we 
have been working with by using a two-parameter Weibull cur\ e. Trunk surface area is 
calculated with the following equation for a c\ iinder: 
Trunk surtace area = circumference of the trunk * trunk length. [3] 
The S is calculated by the following equation for above or below critical point: 
S = the surface area; total volume [4| 
The development of the tree model is described by Qi et al.. 1998. 
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Micrometeorological model 
The micrometeorological model is based on the micrometeorological model 
developed by Litvina and Ttikle (1993). Their model assumes that a shelterbelt may be 
divided vertically into two pans and that the porosity is uniform within each vertical part. 
The point that separates the two parts is called the critical point. The critical point is a point 
in the vertical surface area distribution curve where the surface area changes the fastest. For 
the hybrid cottonwood clone we used, the critical point is defined as the point that separates 
the relatively branchless part of the trunk from the crown. 
Litvina and Takle's (1993) model used the five characteristics predicted by the tree 
model, together with other meteorological information (the daily windrun of an open 
unsheltered site, friction velocity (m/s). horizontal extent of the domain (m). roughness 
height (cm), convergence criterion {%). and drag coefficient), to estimate the dail%- windrun at 
the user specified distances leeward of the shelterbelt. The estimated daily windruns are 
merged with other microclimatic information to produce weather files for each of the 
specified distances. 
Soybean growth model 
The third model uses the CROPGRO soybean model (Hoogenboom et al. i 994) to 
estimate soybean yield at the specified distances. The CROPGRO model uses the weather 
files for each of the distances and data files on plant genetics, soil conditions, and crop 
management to estimate soybean yield at different distances from the shelterbelt. The \ ield 
45 
estimates are then combined to estimate the grain yield per acre for the field on the leeward 
side of the shelterbelt. 
In version 3.1 of the CROPGRO soybean model, wind speed affects plant growth by 
altering evapotranspiration. The two methods used to calculate evapotranspiration in this 
model are the Priestly-Taylor method (Rosenberg et al. 1983) and the Penman-F.'VO method 
(Doorenbos and Pruin. 1977). The Penman-F.AO method requires daily wind speed data 
(windrun. km/day). in addition to the minimum weather data set required by the Priestly-
Taylor method. The Priestly-Taylor equation is as follows: 
E, =a--^{R,„.,-S) [5] 
where 
E. is the potential evapotranspiration. 
oris the Priestly-Taylor constant. 
-v is the slope of the saturation vapor pressure cur\ e at the mean wet-bulb temperature 
of the air. 
/is the psychometric constant (about 0.66 mb k''). 
is the flu.\ density of the net radiation, and 
S is soil heat flu.\. 
The Penman-F.A.0 equation published by Doorenbos and Pruitt (1977) presented a 
modified Penman equation for estimating reference evapotranspiration (Ej) for grass. The 
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major modifications involved a more sensitive wind function than Penman used. The 
Penman-FAO equation is as follows: 
161 
where 
E is the flux of the latent heat due to evaporation. ly/da\. 
^ is the slope of the saturation vapor pressure curve vs. temperamre. 
0.66 * P 
g is the psychometric constant computed by . where P is the atmospheric 
pressure, mb. 
0„ is the net radiation absorbed, ly/day. and 
is the dry ing power of air. 
In the Penman-F.AO equation, the drv ing power of air is computed b% 
Ef^i — r Lj; ' [^1 
where 
r is the density of air. 
is the latent heat of vaporization, energy/mass. 
Wf is wind function. f(^^). 
Csa is the saturation vapor pressure of atmosphere, mb. and 
e^ is the vapor pressure of air. mb. 
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The wind function is computed by 
Wf-= 2.7(1 ^0.864 ) [8] 
where ju is wind run. km/day. 
To decide which evapotranspiration function to use. 13 simulations were run using 
both methods. Eight of the simulations were based on soil data and weather data collected at 
the Iowa State University (ISU) Agronomy farm in 1980. 1982. and 1988, and five 
simulations were based on soil data and weather data from 1989 to 1993 on the ISU Johnson 
farm. 
There were no biomass data available for the 13 simulations. Because the Priestly-
Taylor method is the default method in CROPGRO. it was partly calibrated by W. D. 
Batcheior and M. Zesis in central Iowa (Sexton et al 1998. Shen et al. 1998. Batchelor et al. 
1997). The authors assumed that the estimation of the E. b>' PriestK -Taylor method was 
correct. 
If the Penman-F.A.O method is also correct, it should produce the same results as the 
Priestly-Taylor. Simulations indicated that the CROPGRO model consistently 
underestimated grain biomass using the Penman-FAO equation compared to predictions 
using Priestly-Taylor method because e\apotranspiration was likel> overestimated (Table 1). 
The underestimated amount of grain biomass ranged from -l" !) to 33°'o with a mean of 8.4% 
and standard deviation of 10.7%. 
TTie Penman and Wright wind function (Rosenberg et al. 1983). the Penman original 
wind fiinction (Doorenbos and Pruitt 1977), and the Penman. Wright, and Jensen wind 
function (Doorenbos and Pruitt 1977) were evaluated to improve the estimation, but none of 
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them reduced evapotranspiration enough to make the soybean grain biomass prediction close 
to the results of the Priestly-Taylor method (Table 2). Finally, a simple multiplier was used 
to reduce the wind effect on evapotranspiration. After multiplying the wind function by 0.7. 
the results from the two methods were close (Table I). The underestimated amount of grain 
biomass ranged from -\% to 13% with a mean of 4% and standard deviation of 4.6%. 
The system that SBELTS simulates 
SBELTS simulates the annual production of soybeans in a field with a shelterbelt on 
the side of the field that is commonly downwind of the rest of the field during the growing 
season. The shelterbelt is assumed to be composed of four rows of hybrid cottonwood and to 
be considerably longer than the field so that the edges of the field are sheltered to the same 
e.xtent as the center of the field. 
Evaluation of the model 
To fully evaluate SBELTS. yield data tor soybeans planted at different distances from 
a shelterbelt composed of four rows of hybrid cottonwood are needed. Unfortunately, the 
only shelterbelt of that type was too young to have an influence on soybean \ ieid at the time 
this study was conducted. 
Lacking specific data, the focus of the evaluation was on the face validity of the 
results, i.e. how well did the predictions of SBELTS agree with published information about 
crop response to shelter. We decided to evaluate a predicted yield curve across a sheltered 
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field and compare the average predicted response for wet. average, and dry years across a 
field with a young shelterbelt and an older shelterbelt. 
First. SBELTS was used to simulate a soybean yield profile for a field with a 7.6 m 
high shelterbelt composed of four rows of hybrid cottonwood using 1991 weather data from 
central Iowa (Figure 2). Figure 3 shows a graph of the effect of shelterbelt protection on 
grain and straw yield in North and South Dakota from Stoeckeler (1962). Both Figure 2 and 
Figure 3 reach the maximum yield at similar distances (2-3H) from the shelterbelt. and the 
effects when they reach the maximum yield are also similar (125-135%). Figure 4 is a yield 
profile published by Kort (1988) based on 116 field years of data. Figure 2 based on 
SBELTS followed the same trend as Figure 4. The curve predicted by SBELTS is different 
from Figure 2 and 3 in the 0-1 H region. SBELTS does not simulate competition between 
the shelterbelt and crop which usually results in reduced crop production near the shelterbelt. 
To evaluate the influence of wet, average, and dr\' years. 14 years of weather data 
were collected from two locations: years 1980 to 1988 weather data from ISL' .Agronomy 
farm {Ames. lA) and year 1989 to 1993 weather data from the ISL' Johnson farm (near 
Ames. lA). Based on normal annual precipitation, these weather data were classified into 
wet. low wind years (1981. 1986. 1990. 1993). average years (1982. 1983. 1984. 1987. 
1992). anddr\'. windy years (1980. 1985. 1988. 1989. 1991). 
The weather data were used for predicting yield at 3H and 25H (open field) for a 
young shelterbelt (3.8 m high) and an older shelterbelt (7.6 m high). Both shelterbelts were 
assumed to be composed of four rows of a hybrid cottonwood clone (Populus x 
euramericana NC-5326) planted 1.2 m between trees in rows 3.1m apart. 
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The results (Table 3) show that on wet. low wind years no increase in yield at 3H 
compared to an open field would result for both young (3.8 m) and older (7.6 m) shelterbelts. 
For average rainfall years, there would be an average increase in yield of 4.5% and 5.2 % at 
3H relative to 25H under the young and older shelterbelt protection, respectively. For dr\-
years, there would be an average increase in yield of 11.4% and 15.8 % at 3H relative to 25H 
under the young and older shelterbelt protection, respectively. These results are consistent 
with what others have observed for shelterbelts (Stoeckeler 1962 and Kort 1988). 
The results in Table 3 also show that the older shelterbelt would increase yield at 3H 
more than the young one. The older shelterbelt would have considerably more foliage which 
would result in a greater degree of sheltering leeward. 
We also simulated soybean yields under average (91). wet (86). and dr\' (88) weather 
conditions by using 0.6. 0.8. 1.0. 1.2. and 1.4 times each year's rainfall at 3H for a young 
shelterbelt. The change in rainfall had more effect on soybean yields in dr>' weather 
conditions than wet conditions (Figure 5) which is what we would expect. These results are 
consistent with findings of Stoeckeler (1962) and K.on (1988). 
.Vlodel limitations 
An obvious limitation for the tree model is that the model only estimates 
characteristics of a shelterbelt composed of four rows of hybrid cottonwood. However, the 
structure of the model is such that it should be easy to add other tree species. 
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The tree model estimates the five characteristics of a shelterbelt once for each 
growing season. Obviously, trees height and width will increase during a growing season so 
the height must vary over the season, and S will also change. 
Litvina and Takle's (1993) aerodynamic model assumes that the approaching wind 
direction is always perpendicular to the shelterbelt. The model also only simulates windrun 
on the leeward side of a shelterbelt and does not consider the effects of strong wind on 
shelterbelt permeability. When strong winds blow on living shelterbelts. shelterbelts become 
more permeable (Van Eimem 1959 and an Van Eimem et al. 1964). The model does not 
simulate the effect of a shelterbelt on temperature and relati\ e humidit\'. 
In the CROPGRO soybean model, the shelterbelt effects are evaluated through the 
wind function (see equation 6-8). The soybean model estimates evapotranspiration by using 
wind speed data together with other weather data by the Penman-F.A.O method. .As discussed 
previously, the Penman-F.AO method consistently overestimated evapotranspiration and 
underestimated soybean grain \ ields. .A better wind function is needed to get more accurate 
simulation results from the CROPGRO model. .A wind function that describes the conditions 
when wind has positive, neutral, and negative effects on evapotranspiration would be 
expected to better describe the wind stress effect ( Gates 1980). 
The plants in the shelterbelt will compete for moisture with the adjacent crops and 
will be partially shade them. This is not presently simulated in SBELTS. The shading will 
not be too difficult to incorporate, but moisture competition will be ver>- difficult to add. 
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Conclusions 
By combining a model that predicts certain bio-physical characteristics of trees in a 
shelterbelt. a micrometeorological model that predicts wind speed at various distances to the 
leeward of a shelterbelt. and a soybean growth and yield model that is sensitive to wind 
speed, a model was developed that seems to be capable of simulating the production of 
soybeans across a field under the influence of a shelterbelt. Although the model has many 
limitations and deficiencies and will only simulate a limited number of conditions, it does 
seem to produce "reasonable estimates" of soybean yield under the influence of a shelterbelt. 
With time. SBELTS will be expanded to consider a wider range of shelterbelts. .As 
improved submodels are developed, they will be incorporated. Data that can be used to 
validate the model will be collected. Growth and yield models for other crops, such as com. 
will be incorporated. Eventually. SBELTS should be a useful tool that will help farmers 
decide when and where to establish shelterbelts. 
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Tabic i. Comparison ofprcdictcd grain biomass by computing evapotranspiration (li,) using Pcnman-l"AO, Priestly- l aylor, and 
70% h, caiculatcd by i'cnman-l"AO nictiiods in CROI'CIRO model. 
Biomass dilTercnce Biomass dilTcrence 
(irain Biomass b> (irain iiiomass by (irain Biomass by 1-, between Penman-I' 'A() between 70% Penman 
Penman-l'AO Priestly-1 aylor computed by 70% and Priestly-Taylor T'AO and Priestly-
Year* (kg/ha) (kg/lia) Penman-l' AO (kg/ha) (%) Taylor (%) 
86 5061 5015 5068 -1 -1 
93 4344 4344 4344 0 0 
82 3979 3979 3976 0 0 
90 2785 2787 2788 0 0 
87 4932 4985 4981 1 0 
92 4338 4452 4312 3 3 
83 4273 4415 4292 3 3 
91 3352 3505 3436 5 2 
80 4570 4796 4604 5 4 
84 3250 3787 3412 17 10 
89 3850 4487 4230 17 6 
88 1983 2635 2289 33 13 
85 3296 41 ()9 36()0 26 12 
* Year arranged by grain biomass dilTcrence betsscen i'ennian-1'AO and Priestly- l aylor. 
Table 2. Comparison ol'evapotranspiralion (ii,)caleulaled by Penman-1"AO equation using dirferent 
wind functions. 
Wind Speed 
Wind function Name (km/day) (mm/day) h, FAO 
FAO 190 7.60 1.00 
Penman, Wright (1982*) 1% 7.98 1.05 
Penman (1963*) 190 6.02 0.79 
Penman, Wright & Jensen (1972*) 190 7.39 0.97 
* Indicate the year the function was published. 
' H, I'AO was calculated by Penman-l'AO equation using l AO wind function. 
Table 3. Simulation results from SHI-M S using dilTcrenl ueatlier conditions under no, 3.8 ni high, or 7.6 m high shellerbelt 
inlluenee. 
Yield protected by a Yield protected by a Yield Yield Yield 
Yield in 3.8 m high 7.6 m high shelterbelt difference difference difference 
open(kg/ha) shelterbelt (kg/ha) (kg/ha) between (1) between (1) between (2) 
Year* Weather (1) (2) (3)' and (2) (%) and (3) (%) and (3) (%) 
81 wet 3936 3936 3936 0 0 0 
86 wel 5061 5061 5061 0 0 0 
90 wet 2785 2785 2785 0 0 0 
93 wet 4344 4344 4344 0 0 0 
82 wet 3979 3979 4003 0 1 1 
92 normal 4338 4368 4380 1 1 0 
87 normal 4932 4984 4986 1 1 0 
83 normal 4273 4584 4663 7 9 2 
84 normal 3250 3543 3582 9 10 1 
80 dry 4570 4968 5117 9 12 3 
89 dr> 3850 4238 4390 10 14 4 
85 dr>' 3296 3635 3733 10 13 3 
91 dr> 3352 3727 3930 11 17 5 
88 dr> 1983 2325 2430 17 23 5 
* Year arranged by yield difference between open and 3.S ni shellerbelt proleelion. 
Yield was simulated at .il I of shelterbelt height. 
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Figure 1. Schematic of the organization of Shelterbeit - soybean production model (SBELTS). 
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Figure 2. Predicted seed yield related to distance from the shelterbeit for soybean eroun 
under the influence of a shelterbeit composed of four rows of 7.6 m high hybrid 
Cottonwood clone. Horizontal line represents open field yield. The distance from 
shelterbeit was described in terms of shelterbeit height. H. 
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Figure 3. Effect of shelterbelt protection on yield of gram and straw in North and South 
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Figure 4. Shelterbeit effect on yield of spring wheat on the Canadian Prairies and northern 
U.S. Great Plains. (Combined results of Lehane and Nielsen 1961. Stoeckeler 
1962. McManin et al. 1974. total =116 fields or years). The distance from 
shelterbeit was described in terms of shelterbeit height. H. 
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conditions simulated by SBELTS under protection of a 3.S m high 
shelterbeit. 
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OVERALL SUMMARY AND DISCUSSION 
.Among 200 million crop acres in the North Central region of the United States only 
about 7 million acres are protected by shelterbelts (Brandle et al. 1992). Farmers in this 
region are often reluctant to use shelterbelts because there is not adequate economic 
information that clearly shows the benefits of shelterbelts. Shelterbelts often grow slowly, 
taking many years to produce an improvement in crop yield. There is also an enormous 
number of combinations of crops, soil types and types of shelterbelts to consider. Therefore, 
it is difficult to obtain the information needed to show the benefits. 
By combining a model that predicts certain bio-physical characteristics of trees in a 
shelterbelt. a micrometeorological model that predicts wind speed at \ arious distances to the 
leeward of a shelterbelt. and a soybean growth and yield model that is sensitive to wind 
speed, the SBELTS model was developed. SBELTS seems to be capable of simulating the 
production of soybeans across a field under the influence of a shelterbelt. The model has 
many deficiencies and will only simulate a limited number of conditions, but it produces 
results that seem to be reasonable. 
With time. SBELTS will be e.xpanded to consider a wider range of shelterbelts. .\s 
improved submodels are developed, they will be incorporated. Data that can be used to 
validate the model will be collected. Growth and yield models for other crops, such as com. 
will be incorporated. Eventually. SBELTS should be a useful tool that will help farmers 
decide when and where to establish shelterbelts. 
Crown architecture is a verv' important component in shelterbelt design. Considerable 
evidence shows that crown shape, crown width, branch angle, and leaf area are determined 
genetically for open-grown trees (Kuuluvainen and Karminen 1992. St. Clair 1993). Leaf 
area distribution or surface area distribution is an aspect of crown shape. Research conducted 
by Stephens (1969). Beadle et al. (1982). and Vose (1988) demonstrated that leaf area 
distribution can be described adequately as a Normal distribution curve with the inclusion of 
a term for positive skewness or as a Weibull distribution curve. This study shows promise 
for using the two parameter Weibull distribution to model crown surface area distribution. 
We found that the shape parameter of the Weibull distribution is close to a constant 2 and the 
scale parameter is strongly related to height for hybrid cottonwood trees. One could estimate 
crown shape for hybrid cottonwood trees of various sizes using these two parameters. This 
information can be used in shelterbelt design, horticulture, and tree physiology studies. 
Using the same procedure, one can develop Weibull parameters for other species as well. 
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